As more resources and services become available on the Web, there is a growing need for infrastructures that, based on advertised descriptions, semantically match in a peer-to-peer way providers with requesters of web services. We address the problem of matchmaking of web services from a knowledge representation perspective. Based on our approach we propose match categorization in terms of exact match, potential match -when request and offer though not identical are compatible -and partial match -when one or more inconsistency is presentand rank of matches within categories. Then we report on our implementation of the proposed matchmaking framework in a prototype system.
Introduction
The advent of the Internet and of its most noticeable offspring, the World Wide Web, has initially led to an explosion of information available on-line. The lack of infrastructures to help in accurately locate and keep up to date the huge amount of information and resources at hand, has resulted, over a few years, in an information overload, basically because of the inherent unstructured nature of web data.
The Semantic Web 1] initiative has begun, slowly yet steadily, to revolutionize the way information is provided on the Internet. The basic idea is to structure information with the aid of markup languages, based on the XML language, such as RDF 21] and DAML+OIL 18] . These languages have been conceived to allow for representation of machine understandable, unambiguous, description of web content through the creation of arbitrary domain ontologies, and aim at increasing openness and interoperability in the web environment. Building on the Semantic Web foundations, also a flourishing of languages for the description of web services has been recently witnessed, struggling to become accepted de-facto standards, such as WSDL 8] and DAML- S 24] .
Widespread availability of resources and services enables -among other advantages -the interaction with a number of potential counterparts. The bottleneck is that it is difficult to find matches, possibly the best ones, between parties. Matchmaking is the process of searching the space of possible matches between demands and supplies, finding the best available ones 12, 20, 13, 23, 25, 24, 26, 14, 19, 27, 16, 7, 9] . Demands and supplies are here meant to represent web services, information, tangible or intangible goods, practically finding for any request an appropriate offer, or vice versa. Matchmaking is quite different from simply finding, given a demand a perfectly matching supply (or vice versa). Instead, it includes finding all those supplies that can to some extent fulfill a demand, and eventually propose the best ones. So the scenario, which is basically envisaged by the Semantic Web initiative, is one where peer entities may propose their goods and services and dynamically deal with counteroffers or further specifications, through the mediation of a matchmaking infrastructure.
A matchmaking infrastructure should then receive and store advertisement descriptions by both demanders and suppliers, and, as dynamically new demands or supplies are submitted, find most satisfying matches and return them. The infrastructure has to treat in a uniform way suppliers and demanders, and base the matches on common, extensible ontologies for describing both supplies and demands 11].
Knowledge representation -in particular Description Logics (DL) -can deal with a uniform treatment of knowledge from suppliers and demanders, by modelling both as generic concepts to be matched.
In fact, the logical approach -which DLS are based upon -allows for an open-world assumption. Incomplete information is allowed (and can be filled after a selection of possible matches), and absence of information can be distinguished from negative information, allowing to discard offers/requests without the necessary properties, and to ask for missing information in the potential matches. The importance of ranking cannot be underestimated, as it is of extreme importance for practical use of the approach. The key questions that have to be answered in a dynamic framework are how far is a given demand (supply) from a potential counterpart? And which are the requirements that would eventually fulfill it? Such questions have to be answered relying on publicly available algorithms, to enforce trust and prevent rising of doubts on fairness of the proposals returned by the matchmaking facilitator.
In this paper we will concentrate on descriptions, regardless of the good or service considered. Although the logical framework is basically independent from the application adopted, we strictly relate our description to CLASSIC 3, 4] . CLASSIC is a knowledge representation system that, although not endowed of a language expressive as more recent reasoners, e.g., FaCT 17] and Racer 15], has polynomial-time inferences and, most important, is a real system, endowed of concrete datatypes and can be simply wrapped into a host system. The basic reasoning problems for concepts in a DL are satisfiability, which accounts for the internal coherency of the description of a concept (no contradictory properties are present), and subsumption, which accounts for the more general/more specific relation among concepts, that forms the basis of a taxonomy. More formally, a concept C is satisfiable if there exists an interpretation in which C is mapped into a nonempty set, unsatisfiable otherwise. If a TBox T is present, satisfiability is relative to the models of T, that is, the interpretation assigning C to a nonempty set must be a model of the inclusions in T. For instance, the concept AFaculty v Scientific uSocialSciences is clearly unsatisfiable w.r.t. the TBox containing the inclusion scientific and social sciences. A concept C subsumes a concept D if every interpretation assigns to C a subset of the set assigned to D. Also subsumption is usually established relative to a TBox, a relation that we denote T j = CD.
Description Logics basics
Also, a TBox can be considered satisfiable if there exists at least one model (i.e., an interpretation fulfilling all its inclusions in a nontrivial way). It is important to note that in the CLASSIC system we use, each C concept has an equivalent normal form as C names uC ] uC all , in which C names is a conjunction of names, C ] of number restrictions, and C all of universal role quantifications. In the normal form, also all inclusions, definitions and disjoint groups have been made explicit 4]. CLASSIC provides the two basic reasoning services of DL-based systems, namely Concept Satisfiability (given a TBox T and a concept C, does there exist at least one model of T assigning a non-empty extension to C?), and Subsumption (given a TBox T and two concepts C and D, is C more general than D in any model of T?). Being a complete KR system, CLASSIC provides also data types as numbers and strings, and other services which are useful in a deployed prototype.
Principles for matchmaking
We highlight here common sense principles that a semantics-based approach should yield. First of all, a matchmaking facilitator of practical use has to be liberal enough about details, without preventing a proposer to fill in forms with (say) 30 or more different characteristics to be set. This implies that the absence of a characteristic in the description of a requested or offered profile should not be interpreted as a constraint of absence. Instead, it should be considered as a characteristic that could be either refined later, or left open if it is irrelevant for a user -which is called open-world assumption in KR. Obviously, the algorithm employed for matching should also take this issue into account. Secondly, a matchmaking system may give different evaluations, depending on whether it is trying to match a request S with an offer D, or D with S -i.e. depending on who is going to use this evaluation. This requirement is already evident when characteristics are modelled as sets of words. Of course, using sets of words to model supplies and demands would be too sensible to the choice of words employed -it misses meanings related by words. It is now a common opinion that, it terms have a logical meaning, such fixed-terminology problems are overcome through an ontology 11]. Hence, we assume that supplies and demands are expressed in a DL. Obviously, this approach includes the sets-of-keywords, since a set of keywords can be considered also as a conjunction of concept names. We assume also that the common ontology is established as a TBox in DL. Now a match between a supply S and a demand D could be evaluated according to T. Let T j = : : :
denote logical implication (truth in all models of T), and let v (subsumption) denote also implication between constraints of S and D. There are three relations between concepts that we consider meaningful in semantic matchmaking: then S 2 should be ranked either the same, or better than S 1 . The same should hold also for every pair of demands D 1 D 2 with respect to a supply S. Intuitively, this property could be read as "A ranking of potential matches is monotonic over subsumption if the more specific, the better." When turning to partial matches, adding another characteristic to an unsatisfactory proposal may either worsen its ranking (when another characteristic is violated) or keep it the same (when the new characteristic is not in contrast). Note that this ranking should be kept different from the ranking for potential matches. Obviously, the properties pointed out here are independent of the particular DL employed, or even the particular logic chosen. For instance, the same properties could be stated if propositional logic was used or also logics, such as DAML, for which reasoning systems are still unavailable.
Finding best matches
Here we present algorithms for matchmaking, which satisfy previously stated properties and have been devised adapting the original CLAS-SIC structural algorithm for subsumption 4]. Only the algorithm for potential match is completely outlined; the partial match is similar, and is only briefly described here due to a lack of space. Recall that a CLASSIC concept C can be put in normal form as C names uC ] uC all . Without ambiguity, we use the three components also as sets of the conjoined concepts. Moreover, recall that the TBox in CLASSIC can be embedded into the concepts, hence we do not consider explicitly the TBox, although it is present. then n := n + rankPotential(> E); else n := n + rankPotential(F E); return n; end algorithm Obviously, total match is a particular case of potential match, obtained when rankPotential(C, D) = 0. With reference to the complexity, which is extremely important for practical use of the system, the expansion of the TBox in the construction of the normal form can lead to an exponential blow-up, as demonstrated by Nebel in 22]. Anyway, a polynomial algorithm cannot be expected since subsumption in AL with an acyclic TBox T is co-NP-hard 5]. However, in the cited paper Nebel argues that the expansion is exponential in the depth of the hierarchy T ; if the depth of T is O(log jT j), then the expansion is polynomial, and so is the above algorithm. Notice that the algorithm penalizes generic profile descriptions, which in simple subsumption matching would be unfairly advantaged.
The algorithm for ranking partial matches follows again the partition of CLASSIC concepts into names, number restrictions, and universal role quantifications. However, this time we are looking for inconsistencies. Hence, when a universal role quantification is missing in either concept, the recursive call is unnecessary. For both algorithms it can be proved they respect the properties highlighted in the previous section.
A protoype system
The matchmaking framework presented in the previous sections has been deployed in a prototype facilitator. The system embeds a NeoClassic engine (a C++ implementation of the original CLASSIC system, whose sources have been adapted for our purposes).
The general architecture of the system is shown in Figure 2 . The system can accept requests by both a dedicated client and by generic user agents as DAML+OIL descriptions.
The client is a Java applet (an extremely light client, in view of application on devices such as PDAs) that sends, via SOAP (http://www.w3. org/TR/SOAP/), an advertisement i.e., a description of the request to be matched, as a string in KRSS (Knowledge Representation System Specification) (http://www.bell-labs.com/ user/pfps/papers/krss-spec.ps) syntax, Figure 3 shows the content for an example advertisement in KRSS. The SOAP packet contains the string and the URI of the reference ontology. The communication module is a web service whose main purpose is the translation of KRSS descriptions into portable DAML+OIL ones. The module, upon receipt of the packet, transforms the string in a DAML+OIL formatted description, using Jena APIs (http://www.hpl.hp.com/semweb/). Figure 4 shows the corresponding packet.
The description is forwarded to the Matchmaking service, which is the principal module of the architecture. It receives the SOAP packet, extracts the code and the URI that references the ontology requested. The matchmaking engine preliminarily checks for satisfiability w.r.t. the referenced ontology. If the check succeeds it carries out the matchmaking process with all descriptions in the repository corresponding to the given ontology, as will be described in detail in the next subsection.
The system accepts two types of requests, advertisement and query. For the first one, the system will store the request. In this way, satisfiable queries/demands that remain unmatched will be automatically reexamined when new supplies are provided, and notification will be provided for successful match. The same service is available for unmatched supplies. The query service does not permanently store demand/supply descriptions.
The matchmaker output is forwarded according to specifications included int the SOAP packet and can be formatted as an e-mail, a SMS (Small Message System) or a JSP (Java Servlet Page), if the request has been submitted by the client. If the request has been submitted by an agent, the response will be sent to the communication service for translation from KRSS to DAML+OIL.
Potential and partial matches can also trigger further communication services. For partial matches, on the basis of the matchmaker response, a demand can be revised, e.g., relaxing some constraint. For potential matches the system can ask the supplier of the advertisement whether some features, although not advertised, are available anyway.
It should be noticed that the architecture can simply be modified to host other reasoners, such as FaCT or Racer. The rationale of the choice of the CLASSIC system, apart from the obviously useful availability of concrete datatypes and the possibility to extend its functionalities through test functions, is that its polynomial time inference allows practically synchronous operations, even with large ontologies. Recently, DAML-S 24] has been proposed as a standard for the automation of web services and processes. It is a set of markup constructs based on DAML+OIL and we plan to implement support for it in the version of the system, where we will introduce also a negotiation service, which is currently not supported.
The matching engine
Our matching engine, whose architecture is shown in Figure 1 , is based on Java servlets; it embeds the NeoClassic reasoner and communicates with the reasoner running as a background daemon. At this stage of the work, the system is not fully transactional, so requests have to be serialized by the engine.
The system receives the KRSS string describing the demand/supply and the URI referencing the proper ontology. The reasoner checks the description for consistency; if it fails, based on the reasoner output, the system provides an error message stating the error has occurred. Otherwise, the proper matchmaking process takes place. corresponding weight is increased after each matching process. Obviously, the matchmaking algorithm is modified in that increments are no more unitary but correspond to the assigned weights.
It is noteworthy that the ranking also prevents advertisements from being submitted in an extremely generic way. Simple subsumption matching 26] without ranking, in fact, favors unfair generic advertisements, which will be present in practically any retrieved set. Instead, in our system, though logically potentially matching, generic supplies are given a high rank, which penalizes them.
Conclusion
We have addressed the problem of matchmaking of web services from a knowledge representation perspective. We proposed match categorization in terms of exact match, potential match and partial match and rank of matches within categories. In accordance with the above properties we have devised algorithms for matchmaking. The approach has been implemented in a matchmaking facilitator. The core engine has been implemented adapting the NeoClassic reasoner, and we have shown that, although with a reduced expressiveness w.r.t. more recent reasoners, CLASSIC can be effectively used for this class of problems.
